A number of top-spin observables are computed within the Standard Model (SM), at next-to-leading order in the strong and weak gauge couplings for hadronic top-quark anti-quark (tt) production and decay at the LHC for center-of-mass energies 7 and 8 TeV. For dileptonic final states we consider the azimuthal angle correlation, the helicity correlation, and the opening angle distribution; for lepton plus jets final states we determine distributions and asymmetries that trace a longitudinal and transverse polarization, respectively, of the t andt samples. The QCD-induced transverse polarization of the top quarks leads to an asymmetry of about 8% that should be detectable with existing data. In addition, we investigate the effects of a non-zero chromo-magnetic and chromo-electric dipole moment of the top quark on these and other top-spin observables and associated asymmetries. These observables allow to disentangle the contributions from the real and imaginary parts of these moments.
Introduction
Last year the ATLAS collaboration [1] at the LHC measured the correlation of t andt spins in tt production at the LHC. The hypothesis of zero spin correlation was excluded at 5.1 standard deviations. (See also the CMS analysis [2] .) Previously, the D∅ collaboration [3] found evidence for tt spin correlations in events with a significance of more than 3 standard deviations. These experimental results at the LHC and at the Tevatron are in agreement, within uncertainties, with corresponding standard model (SM) predictions, and therefore provide another experimental proof that the top quark behaves like a bare quark that does not hadronize. In view of these findings, top spin observables are rather unique tools (as compared to corresponding observables for lighter quarks) for the detailed exploration of, in particular, topquark pair production (and decay) dynamics, because (future) measurements of angular correlations/distributions induced by tt spin correlations or t,t polarization can be confronted with reliable perturbative predictions within the SM versus predictions made with new-physics (NP) models.
As to the modelling of new physics effects one may either consider a specific NP model, e.g. the minimal supersymmetric extension of the SM, or use a rather model-independent approach to parameterize possible NP effects in top-quark production and decay. Here we shall use the second approach. We consider tt production at the LHC and subsequent decays into dileptonic and lepton plus jets final states. The aim of this paper is twofold. On the one-hand we extend our previous SM predictions of a number of tt spin-correlation effects at next-to-leading order in the strong and weak gauge couplings [4] [5] [6] , and of SM-induced longitudinal [7, 8] and transverse [9] t andt polarization to pp collisions at the LHC at center-of-mass energies of 7 and 8 TeV. In addition, we analyze the effects of a chromo-magnetic and chromo-electric dipole moment of the top quark on tt spin correlations and on t andt polarization. Assuming that new physics effects in hadronic tt production are induced by new heavy particle exchanges (characterized by a mass scale M) one may construct a local effective Lagrangian L ef f that respects the SM gauge symmetries and describes possible new physics interaction structures for energies M. Recent analyses include [10] [11] [12] [13] [14] [15] . Here we confine ourselves to interactions of mass dimension 5 after spontaneous electroweak symmetry breaking. Then, as is well-known, the new-physics part of L ef f is given in terms of chromo dipole couplings of the top quark to the gluon(s): 
where m t denotes the top-quark mass and g s is the QCD coupling.
There exists an extensive literature on the phenomenology of anomalous top-quark chromo moments in hadronic tt production [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . The topic has been revisited recently [35] [36] [37] [38] [39] [40] in view of the large samples of tt events that have been recorded so far at the LHC. In fact, the analysis of these data samples yields useful direct information 1 onμ t andd t . For instance, a comparison of σ exp tt with the SM prediction, made in [35] , yields a region in the set of couplingŝ µ t ,d t that is still allowed. This allowed region is given roughly by |μ t | 0.03, |d t | 0.1. We will use this result in our analysis below, i.e., we use that the moduli of the dimensionless chromo moments of the top quark, if non-zero at all, are markedly smaller than one. Because the chromo momentsμ t andd t arise from respective form factors in the limit of large M, we slightly extend the framework of (1) in our analysis below and take into account that these form factors may have absorptive, i.e., imaginary parts if the 4-momentum transfer q 2 in a gluon-top vertex is timelike, in particular if q 2 > 4m 2 t . Therefore, we use in the following the parameterizationμ
and allow for imaginary parts if the 4-momentum transfer q 2 > 4m 2 t in the respective gluon-top vertex. We emphasize thatμ t ,d t parameterize by definition only new physics contributions to gtt and ggtt vertices. The dependence on q 2 ofμ t ,d t depends on the specific new physics model. We assume thatμ t ,d t are constants. As we consider below only normalized top-spin observables, this assumption does not spoil perturbative unitarity.
In the following section we consider tt production and decay into dilepton and lepton plus jets final states at the LHC (7 and 8 TeV). We compute the contributions ofμ t ,d t to the respective matrix elements that are linear in the chromo moments. This linear approximation is justified by the upper bounds cited above. We show in Sect. 3 that the contributions of Reμ t , Red t , Imμ t , and Imd t can be disentangled with appropriate tt spin correlation and top polarization observables. In addition, we compute also distributions, expectation values, and asymmetries of these spin observables at next-to-leading order in the strong and weak gauge couplings. In particular, we recompute the SM-induced transverse polarization of the t andt quarks, an effect that is worth to be measured in its own right.
Set-up of the computation
We consider tt production at the LHC and subsequent decay into dileptonic final states,
and into lepton plus jets final states,
where ℓ, ℓ ′ = e, µ, τ. We use the narrow width approximation for the top quark. Within the SM we consider gg, qq, gq, and gq initiated tt production at next-to-leading order in the strong and weak couplings, taking the t andt spin degrees of freedom fully into account. On-shell top-quark decay is incorporated at next-to-leading order in the strong coupling in a consistent way. Our computational procedure is described in detail in [6] . We refer to this perturbative calculation of the respective parton matrix elements by the acronym NLOW.
As justified above, we take top-quark chromo momentsμ t ,d t into account only in the linear approximation in the following. That is, we consider the interference of the leading-order (LO) QCD amplitudes, i.e., the LO amplitudes for gg,→ tt with the corresponding amplitudes that contain a chromo-momentμ t ord t . In the case ofinitial states, this interference term δM N Presults from the interference of the SM and the corresponding NP s-channel diagram. As s > 4m 2 t , the chromo form factors may have imaginary parts that we take into account. The LO amplitude of gg → tt involves s-, t-, and u-channel diagrams. Only the chromo form factors that are associated with the s-channel diagrams may have an imaginary part. In this way the interference terms δM N P i (i = gg, qq) are obtained that depend linearly on Reμ t , Red t , Imμ t , and Imd t and the t,t spins. From these terms we extract the NP contributions δR N P i to the corresponding SM production density matrices computed at NLOW [6] . The production density matrices δR N P i were computed, quite some time ago, for Red t = 0 by [17] and for Reμ t , Red t = 0 by [19] . Our analytic results for δR N P i agree with those of [17, 19] .
3
The NP contributions to the parton matrix elements that describe tt production and decay into dileptonic and lepton plus jets final states involve also the SM top-quark decay density matrices for t → W b → ℓνb,′ b to LO. At this point the following remark is in order. The top-decay vertex t → W b may also be affected by new physics interactions that can also be parameterized by anomalous couplings. We use in the following as spin-analyzers of the (anti)top quark only the charged lepton ℓ ± from W ± decay, and we consider below only lepton angular correlations and distributions that are inclusive in the lepton energies. It is known (see e.g. [43] [44] [45] ) that these observables are not affected by anomalous couplings from top-quark decay if these couplings are small, i.e., if a linear approximation is justified. This is indeed the case in view of the present upper bounds on the moduli of these couplings that can be inferred from the measured W -boson helicity fractions in top-quark decay (cf., e.g., [46] ). In other words, the observables that we analyze in the next section are affected only by possible new physics contributions to tt production that we parameterize by complex chromo-momentŝ
For the computations below we use the following input parameters:
.112, and we use the CTEQ6.6M
The observables of Sect. 3 involve the following inertial frames: i) the laboratory frame which is defined by using one of the proton beams as the z axis and choosing the orthogonal x and y axes such that a right-handed coordinate system results.
ii) The tt zero-momentum frame (ZMF) is obtained by a rotation-free boost from the laboratory frame. iii) The t andt rest frames are obtained by respective rotation-free boosts from the tt ZMF.
Observables and results
We analyze a set of top-spin observables that allow to disentangle, in the linear approximation for the top chromo moments 2 , the contributions from Reμ t , Red t , Imμ t , and Imd t to the matrix elements of (4) - (6) . Because the charged lepton form top decay is the best top-spin analyzer, we consider here only lepton angular correlations and distributions. For the dileptonic final states (4) we consider the following observables that involve the charged leptons ℓ + , ℓ ′− : i) the azimuthal angle correlation, the helicity correlation and the opening angle distribution. If the top chromo-moments are non-zero, they receive a contribution proportional to Reμ t . ii) Two CP-odd triple correlations that are sensitive to Red t . The lepton plus jets final states (5), (6) are the most suitable channels for checking whether or not the t andt of the hadronically produced tt sample have a sizeable polarization. A non-zero Imd t induces a longitudinal t andt polarization which the SM predicts to be very small. A non-zero Imμ t contributes to the transverse polarization of t andt which in the SM is generated predominantly by QCD absorptive parts of the scattering amplitudes.
As it has become customary in experimental analyses to present results also by unfolding data for comparison with predictions made at the level of final state partonic jets and/or leptons, we do not, in the following, apply acceptance cuts to the final states in (4) and (5), (6).
Observables for tracing Reμ t
We consider the dileptonic final states (4) and analyze first the normalized distribution of the difference of the azimuthal angles of the charged leptons in the laboratory frame [6, 49, 50] ,
As emphasized above, we take into account in dσ N P only the contributions linear in the chromo moments. As we compute dσ SM to NLO in the SM couplings, we have for the integrated cross section of (4):
where, in the linear approximation, the term σ N P (which is in general not positive) receives only a contribution from Reμ t , i.e., σ N P = O(α 2 s Reμ t ). For the calculation of a ratio like (7) to NLO in the SM couplings one has two options: expanding or not expanding the denominator. In the spirit of perturbation theory we use here as default procedure the first option. We then get for the first term on the right-hand side of (7):
The contribution in (9) proportional to σ N P will be added to the expanded second term on the right-hand side of (7). The total NP contribution is then given to order Reμ t by
The expanded form (10) is convenient as it is proportional to Reμ t . In summary, we compute the right-hand side of (7) by computing the sum of (σ −1 dσ/d∆φ) SM (cf. (9)) and (10) . Notice that the integral d∆φ over this sum is one, as it should be.
In Figs. 1 the SM contribution to NLOW of the ∆φ distribution is shown 3 for √ S had = 7 TeV for no cut on the tt invariant mass M tt and for events with M tt ≤ 450 GeV. (This cut was chosen in the experimental analysis [2] .) The distributions are symmetric with respect to ∆φ = 0. For reference, the ∆φ distribution is shown in these figures also for the case when the tt spin correlations are switched of. These distributions were used in [1, 2] for testing the hypothesis "SM, fully correlated" versus "SM, uncorrelated" which led to the exclusion of the second hypothesis with 5.1 s.d. [1] . In the following, we do no longer consider this option, i.e., we will always consider fully spin-correlated tt events, both for SM and NP predictions.
For Reμ t = 0 and |Reμ t | ≪ 1 we get
The contribution (σ −1 dσ/d∆φ) N P is shown in Figs. 2 for √ S had = 7 TeV in the range −π < ∆φ ≤ π for no cut on M tt and for events with M tt ≤ 450 GeV. (For M tt > 450 GeV this contribution has the same shape as those of Figs. 2 and is therefore not shown here.) As expected, these contributions are also symmetric with respect to ∆φ = 0. (Thus, the SM and NP numbers must be doubled if the range 0 ≤ ∆φ ≤ π is considered.) Furthermore, by the above assumption, |Reμ t | must be sufficiently small such that the sum of the two terms on the right-hand side of (11) is positive. Adding these contributions to the respective correlated SM contributions shown in Figs. 1 we see that a cut on M tt is of no advantage. Thus, when the ∆φ distribution is used to probe for a non-zero Reμ t one should use the full sample of dileptonic tt events.
One may also probe for a non-zero CMDM Reμ t with the dileptonic angular correlation in the helicity basis. If no acceptance cuts are applied, one has the well-known a priori form of the The contribution (σ −1 dσ/d∆φ) N P defined in (10) to the ∆φ distribution at the LHC (7 TeV). Upper plot: no cut on M tt . Lower plot: events with M tt < 450 GeV. The thickness of the histogram bars reflects the effects of scale variations µ = m t /2, m t , 2m t .
where, in the helicity basis,l + (l − ) is the ℓ + (ℓ − ) direction of flight in the t (t) rest frame,k t andkt = −k t are the t andt directions of flight in the tt ZMF, respectively, and θ 1 = ∠(l + ,k t ),
For the experimental analysis it is more convenient to use the one-dimensional distributions [5, 6] of the product of the cosines O h ≡ cos θ 1 cos θ 2 , rather than analyzing (12) . In the linear approximation for the chromo moments, we get in analogy to (11):
In Figs. 3 the SM contribution to NLOW and the NP contribution to this distribution are shown for √ S had = 7 TeV, for no cut on tt. Again, we emphasize that (13) applies to values of Reμ t such that the distribution is positive. We find that applying an upper or lower cut on M tt , for instance, M tt ≤ 450 GeV or M tt > 450 GeV, does not increase the sensitivity of this distribution to Reμ t significantly.
The correlation coefficient C in (13) is given in the helicity basis by
Our results for C SM hel and C N P hel are given in Table 1 . The label 'NLOW, expanded' refers to the computation of C SM hel in analogy to (9) . For reference purposes, we have determined C SM hel also by not expanding the denominator, i.e., by computing
One may also define an asymmetry which, in the absence of acceptance cuts, is determined by C hel :
Next we consider the opening angle distribution for dileptonic final states [5, 6, 53] :
where ϕ = ∠(l + ,l − ) and, as above,l + (l − ) is the ℓ (14), for dileptonic events at the LHC (7 and 8 TeV) and the scale choice µ = m t . The uncertainties in parentheses result from scale choices µ = m t /2, 2m t .
frame. If no acceptance cuts are applied then
An associated asymmetry is
Our results for the SM (at NLOW) and NP contributions to the correlation coefficient D at the LHC (7 and 8 TeV) are given in Table 2 . As in the case of the SM predictions for the helicity correlation C SM hel , we give the predictions for D SM at NLOW both in the expanded and in the unexpanded form. (16) and (17), for dileptonic events at the LHC (7 and 8 TeV) and the scale choice µ = m t . The uncertainties in parentheses result from scale choices µ = m t /2, 2m t .
The distributions (11), (13) , and (16) may be used for 1-parameter fits to the respective unfolded experimental distributions that ATLAS or CMS may obtain from the existing 7 and 8 TeV dileptonic data samples. In view of the results given in Tables 1 and 2 one may worry that a significant source of theoretical uncertainty is how the higher-order SM contributions are taken into account. As mentioned above, we advocate to use the expanded form of the normalized distributions for fits to the unfolded data, as this is in the spirit of perturbation theory. With which uncertainty may Reμ t be measured? The highest sensitivity to this parameter will certainly result from fits to these distributions, which is an experimental task. For instance, CMS has reconstructed ∼ 9000 dilepton events (ℓ = e, µ) from the 7 TeV (5 fb −1 ) data [51] .
Assuming that the same selection efficiency applies to the 8 TeV data, one expects ∼ 5 × 10 4 reconstructed dilepton events from the 8 TeV (20 fb −1 ) data. These numbers suggest that a statistical error δReμ t below the percent level is feasible; the limiting factor will be the systematic experimental and theoretical uncertainties. A crude estimate may be done with the asymmetries introduced above. They should be rather robust from the experimental point of view, but contain, of course, less information than the underlying distributions. Using for instance the asymmetry (18), which has a rather large lever arm to Reμ t , and assuming that A ϕ may be measured at 8 TeV with a combined statistical and systematic uncertainty δA ϕ = 0.03, then Reμ t may be extracted with an uncertainty δReμ t ≃ 0.04. Estimates of similar order of magnitude were obtained, using different observables, by [35] [36] [37] [38] .
Observables for tracing Red t
A non-zero chromo-electric dipole moment Red t induces CP-odd transverse tt spin correlations [48, 53] , for instance (S t × St) ·k t (wherek t is the top-quark direction of flight in the tt ZMF). These correlations generate, in the dileptonic decay modes the following CP-odd 4 triple correlations [53] :
The unit vectorsl + ,l − that refer to the charged lepton directions of flight are defined as above (cf. below (12)), whilep is the direction of one of the proton beams (i.e., the z axis) in the laboratory frame. The factor sign(cos θ * t ), where cos θ * t =p ·k t , is the sign of the cosine of the top-quark scattering angle in the tt ZMF, is required [48, 53] because the gg initial state is Bose symmetric. Without that factor, the second triple correlation in (19) would have essentially no sensitivity to a non-zero Red t . The range of the correlations (19) is −1 ≤ O 1,2 ≤ 1. Within the SM, the distributions of O 1,2 are symmetric around O 1,2 = 0, i.e., the expectation values O 1,2 SM = 0 if no acceptance cuts are applied or if these cuts are CP-symmetric. A non-zero Red t induces asymmetric distributions.
In the linear approximation, the expectation values of O 1,2 are directly proportional to Red t :
Putting Red t = 1, these expectation values, i.e. the coefficients c 1,2 are given, for the LHC at 7 and 8 TeV, in Tables 3 and 4 , respectively, without and with a cut on M tt . Corresponding asymmetries are
This relation between A
CP i
and the corresponding expectation value of O i holds if no acceptance cuts are applied, but is valid also if cuts on M tt are made [53] . Our predictions for these asymmetries are also collected in Tables 3 and 4. The highest sensitivity to Red t would be obtained by fitting the distributions σ −1 dσ/dO i , which depend linearly on Red t , to the respective unfolded experimental distributions. One may expect to achieve a statistical uncertainty δRed t below the percent level (cf. Sect. 3.1). For a crude estimate we use the above CP asymmetries. If A CP 1 can be measured with 3 percent accuracy, then Red t may be determined with an uncertainty δRed t ≃ 0.04.
Longitudinal polarization and Imd t
If the chromo-electric dipole moment of the top quark has a non-zero imaginary part, Imd t = 0, then P -and CP-odd contributions (that are T N -even) to the qq-and gg-initiated matrix elements are induced. This leads to a longitudinal polarization of both the t andt in the tt sample [48, 53] , for instance with respect to the t andt directions of flight in the tt ZMF: These CP-odd contributions lead to S t ·k t = St ·kt ∝ Imd t . The P-violating SM interactions 5 and possibly new P-violating, but CP-conserving interactions also lead to a longitudinal t and t polarization -in this case one gets S t ·k t = − St ·kt .
A search for an non-zero longitudinal t andt polarization is most efficiently made in the lepton 5 As in the case of (19) , the contribution of the Kobayashi-Maskawa phase is completely negligible. Table 3 : Several expectation values of observables and asymmetries introduced in the text, without and with a cut on M tt , for the LHC at 7 TeV. The chosen scale is µ = m t , the uncertainties in parentheses are due to scale variations between m t /2 and 2m t . The numbers are to be multiplied by the respective dimensionless chromo moment. 8 TeV + jets decay channels, because i) only one charged lepton is required as analyzer of the t andt spin, respectively, and ii) the t andt rest frames can be reconstructed quite efficiently for these channels. If one uses the lepton helicity angles introduced below (12), i.e., θ 1 = ∠(l + ,k t ) and θ 2 = ∠(l − ,kt), then one obtains, for the reactions (5), (6) the distributions (if no acceptance cuts are applied)
where
The longitudinal t andt polarization induced by SM parity-violating weak interactions is very small; we collect it for reference in Table 5 , where our results for B N P are also listed. (For the computation of B SM we took into account our results [7, 8] .) Acceptance cuts on the (10) 0.542(10) 0.402 (12) transverse momentum and on the rapidity of the charged leptons severely distort the shape of the distributions (22) in the backward region cos θ 1,2 ≤ 0 (cf. e.g. [6] .) In order to probe for a non-zero Imd t it may therefore be appropriate in an experimental analysis to measure the distributions (22), both for the ℓ + and ℓ − data samples, only in the forward region and consider the "asymmetry"
Alternatively, one may search for a longitudinal t andt polarization with the respect to the directionp of one of the proton beams in the lab frame. In this case Imd t = 0 leads to
where the factor sign(cos θ * t ) is required because of the Bose symmetry of the gluon-fusion matrix element squared, cf. Sect. 3.2. This polarization leads, in the ℓ ± + jets final states, to non-flat distributions of
(notice the minus sign in the definition of cosθ 2 ), in analogy to (22) . In analogy to (24) one may considerÃ
for ℓ ± + jets final states, separately for events with sign(cos θ * t ) = 1 and −1. The coefficients B N P are also collected in Table 5 .
If no acceptance cuts are made, our results for the distributions (22) and the analogous ones for cosθ 1,2 apply also to dileptonic final states.
The longitudinal top polarization was first measured by the D∅ collaboration [54] 
Transverse polarization and Imμ t
While the the SM-induced longitudinal polarization of the t andt quarks of the hadronically produced tt sample is very small, their polarization transverse to the scattering plane is of the order of a few percent due to QCD absorptive parts of the qq-and gg-induced scattering amplitudes. A complete calculation to order α 3 s of this polarization was made in [9, 57] . In addition, this P-and CP-even, T N -odd polarization receives also a contribution from a nonzero imaginary part of the CMDM of the top quark, Imμ t = 0.
Again, the lepton + jets final states are obviously the most suitable ones to measure this effect. Appropriate observables are constructed as follows. We define a vector n that is perpendicular to the ij → tt scattering plane, n =p ×k t , and consider, for ℓ + (ℓ − ) + jets events, the correlation of the ℓ + (ℓ − ) direction of flight in the t (t) rest frame with n. This is achieved, for the respective final states, with the observables
The factor sign(cos θ * t ) is necessary for obtaining non-zero expectation values of O T and O T , cf. Sect. 3.2 and 6 [9] . We have
and in the linear approximation for the chromo moments, the NP contribution is directly proportional to Imμ t : O T N P = c T Imμ t . In addition one may consider the asymmetry
and likewise for O T , where the equality on the right-hand side holds in the absence of acceptance cuts. Our predictions of the contributions from QCD and from a non-zero Imμ t to the expectation value (29) and to the asymmetry (30) are collected in Tables 3 and 4 , both without and with a cut on the tt invariant mass. These results show that for ℓ + jets events with low invariant mass, M tt ≤ 450 GeV, the correlations (29) 
Summary
Top-spin observables are becoming a useful tool for the detailed exploration of tt production and decay at the LHC. In view of the large tt data samples that were recorded by the ATLAS and CMS collaborations at LHC center-of-mass energies of 7 and 8 TeV and that are presently being analyzed in detail, we have extended our previous NLO SM predictions of a number of top-spin correlation and polarization observables to these energies. In particular we have recomputed the QCD-induced transverse polarization of t andt quarks. We have shown that this leads, for ℓ + + jets events (and likewise for ℓ − + jets events) with low tt invariant mass to an asymmetry A QCD T of −8.4% (−7.6%) at 7 TeV (8 TeV). It seems feasible that this effect can be measured -it would be an interesting probe of the tt production dynamics.
In addition, we have parameterized possible new physics effects in the hadronic tt production matrix elements by complex chromo-magnetic and chromo-electric dipole moments of the top quark. Using the presently available empirical information about these moments, namely, that the moduli of the respective dimensionless moments must be markedly smaller than one, we have analyzed a number of charged lepton angular correlations and distributions that allow to disentangle the effects of a non-zero Reμ t , Red t , Imμ t , and Imd t . We expect that the analysis of the available 7 and 8 TeV tt data samples by ATLAS and CMS will allow to achieve, at least for the real parts of these dimensionless moments, a sensitivity of a few percent. This would provide significant direct information on whether or not hadronic top-quark production is affected by new interactions at length scales as small as 10 −18 cm.
